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SUMMARY

A rapidlyconvergentmethmiis desorlbedfor the calculation
of the equilibria compositionof the osxbon-hydrogen-oxygen-nitrogen
systemin the temperaturerangefiw 2000°to 5000°K. Chartsare
providedfor the estimationand progressiveadjustmentof two inde-
pendentvariableson whiohthe calculationsare based. Additional
ohsrtsare providedfor the graphkl oaloulationof the composi-
tion. The use of the methodand the chartsis illustratedby an
example.

INTRODUCTION

The determinationof the equilibriumcompositionof a chemioal
reaotionis necessaryfor the solutionof certainproblemsin ohem-
isw @ ~cs. When a reactionoccursat elevatedtem-
peratures,the productsof reactioncontaindissociatedmolecules
whloh,when presentin sufficientquantity,complicatethe solution
of the problem. The degreeof dissociationis determinedby the
temperatureof the prcducts,thetipertlalpressures,and an equi-
libriumconstantfor eachdissociationreaotion.

For reactionsinvolvingoarbon,hydrogen,oxygen,@ nitrogen
at temperaturesbetween20000and 50000K and at pressuresbelow
100 atmospheres,a directsolutionof the equllib.riwnequationsIs “
impracticalIf not impossible.Accordingly,somemethcdof succes-
siveapproximationor trialand erroris required.

If cnlytwo elementsare presentin the reactionthe problem
is lessdifficult.For example,a directmethcdfor computingthe
equilibriumcompositionof the hydrogen-oxygenreactionis desoribed
in reference1.
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A msthaiof computingthe equilibrium
of the elements,carbon,h@rogen, oxygenj
of a methodof successiveapproximationis

WA TN ~0. 1653

compositionof a mixture
and nitrogenjby means
givenin reference2.

The methcdwas appli~ to combustionin the cyltid,erof an interna3-
combustionengine. Thismethcd,althoughconvenientfor tempera-
turesup to approximately2000°to 25000K, becanescumbersomefor
temperaturesat whicha largefractionof the moleculesare dis-
sociated.

A somewhatsimilarmethodfor the cameelementsis desoribed
and the resultssre appliedto the combustionin a gun in refer-
enoe3. A compilationof thermaldatarequiredfor equillbriwn-
compositionoaloulationsat temperaturesup to 5000°K was given
in thisreferenoe;a part of that datahas been used.in the pre-
parationof the enolosedchartsand has beenreproducedas tableI.

A prooedureis presentedfor ccmputingthe equilibriummmposl-
tion of a gasmixturecorrespondingto an assignedpressureand
temperaturethat is especiallyconvenientfor the oerbon-hydrogen-
Oxygen-nitrogensystemin the temperaturerangefrom 20000to
5000°K and for pessures frcmapproximately1/4 to 100 atmospheres.
Chartsthat guidph the prooessof sucoesslveapproximationand
aid in the detailsof the calculationsare presented. The use of
the methoddevelopedat the NACAClevelandlaboratoryis illustrated
by an example.

The productsof reactionconsidered=e

hydrogen H2, hydroxylradioal OH, atomic

en N2~ nitric oxide NO, atcmicnitrogen

oarbonmonoxide CO, oxygen 02, and atmic

gaseous water ~0,

hydrogen H, nftro-

I?} oarbondioxide

oxygen O. For the

C02,

temperatures.uressures.and ohemioalelementsconsidw~, the
pe=eot gas &s were a&med and densityoorreotionfor equilibrium
constantswas nmgleeted.

GiEmRKGsoLu’rIoN

The pooedure for de~ the equilibriumimpositionof
a chemioalreactionat a selectedtemperatureconsistsIn assigning
arbitraryvaluesto two indepetientvariablesfhomwhiohan exaut
equilibrium-ocmpositiontotalpressureand qutity of oxygen=e
computed.By a processof successiveappoximatione,the valuesof
tb two independentvariablesare so adjustedthat the oakulated
totalpressuread quantityof oqygenapproachthe desti~ values.

—.— —
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Chartsare presentedthataid in the
and rapidlyeffecttheiradjustment.

3

choioeof the initialestimates
Additionalchaxtsare tiluded

that may be usedto calculatethe partialpressuresof the pr~uots
of reaotiono

The compoundsthat are to reaotare representedby the equivalent
formula C~O#Jz where w, x, y, and z are ~oportionalto the

totalnumberof oarbon,hydrogen~oxygen~ad nitr~n at6mscon-
tainedin the initialCcanpoundsoFor convenience~ the symbolsare
listedin appendixA.

The reactiontier oonsidemtionoan thenbe expressedin the
followingform:

A(c#xo}z) - %0+% ‘poH+~+ %2+%o+%+pc02° ‘PCO

+ P02 + Po (1)

where A is the numberof formulaweightsof the equivalentfor-
mula C&O#Jz * the volumeof the produotsof reaction V is

nmerioally equalto the produotof the gas constantand the tempera-
ture RT so thatthe total.numberof moles n of gaseousequilib-
rium praiuctsis numericallyequalto the totalpressure P. The -
pmtial pressure pi of eachgaseousproductis similarlyequalto

ths numberof moles q. of ths praiuct i, for example,

‘W = %0”

It is shownin appendixB thatthe partialpressureof each of
the produotsoan be compatedwhen the valueof the ratioof the
partialpressureof waterto the partialpressureof hydrogen,herei-
nafter designatedthewater-hydrogenratio, ~ = +Oly = %pco2hco,

and the valueof A are bown. The equi.libriwnconstant K1 is

definedby equation(19),appendixB. The partial-pressurecalcula-
tions.oanbe aritbmetioallymade by the use of equationsgivenin
appendixB, m if the reqtied aoouraoyneed not exceed2 percent,
the valuesmy be foundfrcmthe calculationchartsshownin fig-
ure 1. The operationsrequiredfor the use of figure1 are dis-
cussedin a subsequentsectionwherethe detailsof its use are
illustratedby an example.

In aotualcaldlationjvaluesof A W W are initially
estimatedd a correspond= equilibriumopposition is computed.

— ——. .. .. . . .—.._ ——.—-_ .. ... . _____ ._ ____
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FYom the trialequilibrimumxaposition,the omresponiingtotal pres-
sure P ~ and oxygenquantity Ay’ are oomptiedfran the relations

“=~O+~+%H+~+m2+mO+m+pm2 ‘Pco+P02+P0

(2)

Ay’ = P%o + ‘OH + qgo + 2PC02+ Pco + 2P0 + PO (3)
2

whereprimesdenotespeoiflovaluesof the -Iable resultingfrom
trialOalcuktions●

If the totalpressureand the qgen contentresultingf%ana
trial oaluulationare sufficiently.uloseto the desiredvalues,the
problemis oomplete;otherwisethe valuesof A and T mustbe
aaju8tea.

IW’IMTIONANDADJUS -OF A AND ~

Estimation.- hated
of the dissociationfactor

z

of direotlyestimatingA, estimation
AZ/Pi is more expedientwhere

= w + X12 + z/2

P1=P-P02-P0

The valueof -l is alwaysbetween

appendixB.

The arygen=tio r is definedby the

(4)

(5)

1/2 and 1 as shownin

relation

(6)

The quantity r is usedto inLLoatemixtureratioaml is the ratio
of ~gen requiredfor stoichiauetriocombustionto that supplied,
therefare r is equalto 1 fa a stoiohianetriumlrbnreand
approacheszeroas the proportionof oqgen is Inoreased.

.—-. .—. —
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Valuesof Y and AZ/Pl are plottedin figure2 as a funotion

of r and temperatureT for a pressure of 20.4atmospheresfor
mixturesof oxygenwith oarbon~hydrogen,and hydrocarbonthat has
a hydrogen-oarbonratio x/w of 3. The effectof nitrogenon the
valwe of ~ and A~Pl is sufficientlysmallthat it w be neg-
leotedin makingthe firstestimtes of Y and AX/Pl.

The desiredvaluesof r and Z =e computed.&m the specified
valuesof w, x, y, and 20 VgiLuesof Y and AX/Pl are then

estimatedfrcmthe part of figure2 that mrrespondsmost oloselyto
the x/w ratioof the reaclxant.(A considerablelatitudein the
ohoiceof the initiallyestimatedvalue of Y is permissiblebeoause
the reoonunendedprooessof adjustmentrapidlyomzreotsfor initial
errors.)

The partialpressures po= and p. =e then c~uted by means

of equations(36)@ (37)or & the”use of
equation(5), PI is then computedand A

expression

figurel(a). By use of
is Wlllputeafrcmlthe

(7)

Adjustment.- The initiallyestimatedvaluesof Y and
fi/P1 will, in general,requireadjustment.At the end of a tr~

calculation,a more exaotvaluefor eaoh quantityoan be graphically
obtainedwith aid of figure2 a? a shilar plot.

The quantitiesAZ/Pl*

part of figure2 agdnst tne

where

and Y canbe plottedon the appropriate

quntity r*

r, = A(2w + x/2)
&’

(8)

pll=pl-po -Po
2

(9)

and the quantitiesP~ ~ J&’ =e cmti~ ham ‘equations(2) “
and (3). A ourve,similarto the existingourves,is drawnthrough -
the plOttea p0mf3. New valuesof Y and A2/Pl Oorrespomilng

to the desiredvalueof r ere read flromthe newly sketohedourve.

_ —. —_. ——. — ——— —.. .— -.. . .—— _ .. ___
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The process of oMaining and ad$aating values for the estlmatd “
quantitiesis Ill*ted in the sectionEXAMPLEOF’EQUIUWCUM-
COMPOSrrIom0AUUMPIO19’Y

Fcm valuesof r lessthan 1.7$the valueof Y is principally
a funotionof r and to a firstapprhtion is indepetientiof W and
the x/w ratio..Em valuesof r greaterthan 1.72the valueof q
and the shapeof the Wisotlwm orttioallydependon the x/w
=t%o of the reaotantso

are nwmly independentof the x/w ratiounlessthe proportionof
oart)onbecomeslarge. For a reactionInvolvingo@y oarbonand
=-rig * g~ity fWpl ~WWS ~~ 10 me ~WS of q ~
A@l fcm other X/w ratiosmy he estimatedby visualInterpolation

betweenfigures2(a),2(b),and 2(u) or, if desired,approximateourves
of Y and @Pl w be oomputedfor othsrhydrogen-oarbonratios
by the metlmithat is disoussedin awndix B.

& asymptotic~operty of the quantity Y may be uselto
estimate Q @ AZ/Pl for totalpressuresotherthan 20.4alznos-

pherese As r is reduoed(propwtlonof oxygenInoreased)the
proportionof diatomioand monatomic~gen in the produotsInoreases;
at the limitof r = O onlythesespeciesare ~esent; henoe

For a givenvalue
fia the relation

P= P02+P0 (lo)

of temperatureand,pressure, 1! oan be detemined

P= K#2+K# (U)

Thisvalueof Y oan be used’to definea pseudotemperatureTp

forwhichthe pressureequals20.4atmospheres,that is

20.4= ~,pY2 + K7,PY (1.2)

.— ——— .— _——. —
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‘7tire‘6,P W % p ‘e ‘he ‘W* ‘f ‘6 @
at the requiredpse&o temperatumo %rperienoehas

7

K+, respectively,

shownthatthe
pseudotemperaturecomputedat r = O my be used for othervalues
of r to obtainnwxrlyoorreotinitialestimatesof both !? and
J@l at pressuresotherthan 20.4atmospheres.

A“plot of T against T for a rangeof pressuresis shown

in figure3. In %der to obtainestimatesof ?? and lC?@l at

~eseures otherthan 20.4atmospheres,the valw of Tp oorreeponding

to the desiredassignedtemperatureand pressureis foundfrom fig-
ure 3. This Tp is used in figure2 insteadof T to obtainthe

fjrstestimatesof ‘f’and U/p~.

IWMPLE OF EQ~-COMPOSZl?IOI!J CAUUUWIO19

The procedureusedto oomputeequilibria compositionis illus-
tratedby the oalmlationof the compositionof the Prducts of
reaotionof ethylenediamim(C2H4(W)2) ~ ~gen (02)at the 6toi-
ohiametricratio,a temperatureof 4000°K, and a pressureof 10 atmos-
pheres. The reaotionis

c2H4(~ )2 + 4 02~W&=ts

By countingthe numberof atomsof eaoh elementin the equa-
tion,the followingvaluesof w, x, y, and z are obtained:

w=2, xu8, y=8, z= 2’

l!komthesevaluesand equation(6),the desired r is 1 (thatis,
the Stoichiometiicmtio) :

r=?LLZL?.1
Y

and from equation(4), Z is 7:
.
Z =w+x/2+ z/2=7

,

— —— ————— .———-— —
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For the assigned~es-e
temperatureof 4000°K, a Tp

For the desired r of 1 and a

.

of 10 atamsnheresand the asaimed
of 4200°K is foundtiomfigure3. ,’

‘P of 4200°K2 the initialestimates

of Y and &X/Pl are foundfrom figure2(c)to be 1.6 and 0.8,

respectively.The esthatedvalus of AZ/Pl is very olosetithe

correotvalue;however,to illustratethemethai ofad~ustment@
the rapidityof its oonvergenoe,a valueof A~l = 0.84 was

deliberatelychosenfor the computation.In orderto illustrate
this example,emenlm?ged sectionof figure2(c) has been rep?xxtuoed
as figure4 and the pointsrequiredfor thisPoblem are plotted.

From equations(36)and (37)of
K6 and ~ titable I for 4000°K,

correspondingto the estimatedvalw

appendixB ati the valuesof
the ValuBsof p. - P(J

2
of W of 1.6 are foumito be

p02 = 0.8082

p. =1.3938

and by equationa(5)and (7)

pl =P - p. - p. = 10 - 0.8082- 1.3938= 7.7980
2

A= (=/Pl)(P#) = (0”~)$7”7g8)=0.9358

By the use of equations(39),(40),and (42)to (50)of appendixB
and the equilibriaconstantsof tableI mrrespondingto 4000°K
the remainingpartialpresswes are foundto be:

“%
u 0.8782 %2 = 0.7907 PC02 = 0.2893

‘OH = 1.4236 %0
= 0.2409

‘H
= 1.4965 = 0.0493

‘N

%
o
= 1.4051

Pco = 1.5823

—— --— —-. .— —— ...-—
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IYOM threepartialpressuresand equations’(8), (2),and (9),
the valuesof rs, P’, and JiOlq mnrespondingto the estinated
valuesof A and. ~arefound tobe

rl = A(2w + x/2)
AY’

= 0.9085

wkre

“ =Pqo + ‘OH + %0 + @co2 + Pco + 2P02 + PO

= 8.2407

“=pl$O+ pI$+p OH+p H+p N2+p NO+p I?+pC02+p CO+p02+p0

= 10.3579atmospheres

PI’ = 10.3579- 0.8082- 1.3938

= 8.l!559

therefore

Lzpl t = (0.9358)(7)
8.1559

= 0.8032

oloselyenoughwith
A must be reestimated.

Sf the Palms of’ r’ and F* do not agree
the desiredvalues,the qumtities Y and
The Vtihf3S Of ~ ~ @pl ‘ oan be plottedin figure2(0)against

r’ andareagain shownimflgure4. Segmentsof owes sfmllar
in shapeto the existingcurves=e sketchedthroughthe plotted
points;new valuesfor Y of 1.4 and for AZ/Pl of 0.81are read

ficmthe newlysketohedcurvesat r = 1 (thedesiredvalue).

.

—- —— .-— —— ———— —. ——--——-—— -.-——.—-— ———-——
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The secondtrialcalculationis baseduponthe newlyestdmated.
valuesof Y and ~/P1 with the resultthat

Po = 0.6188
2

Po = 1.2195

‘1
= 8.1617

A = 0.9444

whereby

r’ = 1.0083

‘%= 0.9728 %2 = 0.81.27 PC02 = 0.2605

‘OH = 1.31U %0 = 0.2137 Pm = 1.6283

% = 1.5751 % = 0.0500

pl = 10.0244atmxpheres

AZ/Pl‘ = 0.8076

Thesevaluesare in closeagreementwith the desiredvaluesof r
ana P.

The detailedcalculationsand the resultsof this exampleare
shownin tableII.

GHAPHICALCMCUIATION OF PARTIALPm81JRlE3

The numericalcalculationof partialpressuresinvolvestedious
and the-consumingoperationsthatincltiereferenoeto.tablesof
equilibriwnconstants.As an aid to the cmuputation,the solutions
of the equilibriaequationshavebeen plottedin fIgure1.

The pocedure requiredto obtainthe partialpressureof each
of the ~oducts of reactionfromthe chartsis Illustratedfor the
precedingexampleby the guidelinesshownon eaohpart of figure1.
The oonditionsfor the exampleare

C2H4(~)2 + 4 02+prducts

w =2, x=8, y=8, z=2

r = 1,~ = 7, P = 10 atmospheres,T = 4000°K

m

.

—— —— .-—.. —
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As in the precedingexample,the firstestimatesof Y and AZ@l
are 1.6 and 0.84,respeotlvely.

The partialpresmres p02 ami p. =e plotteda@nst Y

in figurel(a) for varioustemperatures.Fm T =“1.6 ani T = 4000°K,
PO = 0.81 and pO = 1.390
2

Whereby PI = 10 - 0.81- 1039 = 7.80

A u 0.84== 0.936
7

Az = (0.936)(2)= 1.872

AW = (0.936)(2)=1.872

A plot of Y againd a$ which is definedby equation(39),
for varioustanperaturesauia plotof %2 against a for various

valuesof Ax/!?+l=e givenin figurel(b). For W = 1.6 ad
T = 4000°K9 a =1.20; for a =1.20 and J@+l =2.88,

‘%
= 0.88.

Figurel(o) is mnposed of two parts. The oonstanttempera-
turelinesin the _ left seotionare plotsof ~ against
~z for =iOUS tempe=ttn?es.For p% = 0.88 and T = 4000°K

(readtmu the scalemarkedtemperatureT for atomiohydrogen H),
~ = 1.50. By the use of a set of referenoelinesthat mrrespond to

oonstantvaluesof Y
1%

and the seoondset of ooat tempera-

ture Unss (inthe lowerright section) po= is oomputed. For

W=l.6 W
%

= 0.88, the referenoeline q is found. At the

intersectionof q and.the tempez%dmre1- T = 4000°K (readfrcm
the male markedtemperatureT for hydrogl radioal OH), POH = 1.42.

A pbt of y aga$nst b, whiuh is definedby equation(42),for
varioustemperatures@ a plot of p

E2
a@nst b for =iOUS

values of Az are shownin figurel(d). When T = 1.6 cud
T = 4000°K, b = 0.326. F= b = 0.326 and Az = 1.872,

%
= 0079.

G

-.—. ..—.. .—.-—. .. . . .— ._. — .—— — —–..— — .——— –—_. .
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The oonstanttempemture llnesIn the upperleft sectionof
figurel(e),which Is composedof two parts,are plotsof ~ WW

~z for vzmioustemperatures.For %2 = 0.79 and T = 4000°K .

(readfrcmthe scalemarkedtemperatureT for atomicnitrogen M),
pN = 0.049. By the use of a set of referencelinesthat correspond

to OonetantValws of Y
6

d a secondset of constanttempeza-
2

ture llnes(Inthe lowerrightsection) ~. is computed.For

Y = 1.6 and %2 = 0.79, the referenceline q is found. At the

Intersectionof q and the tempaature line T = 4000°K ( read
fromthe scalemarkedtemperatureT for nitriooxide HO),

%0 = 0.241.

A plot of pCo2/PCo ~~ Y fm varioustemperaturesd

plotsof PC02 against Pco2/K’cofor variousvaluesof Aw when .

PcOpco z 1 W Pco plottedaga~t Pco2/Pco forv=ious vaWeS ,

of Aw when pCOJ’C()~ 1 is presentedin figurel(f). This ohart

is so constructedthat onlythe smiler of the two quantities

Pco. m Pco is determined.The largerof eitherof thesequantl-

tie~ is obtainedby subtractionfhxn Aw. Far

PC02/Pco
= 0.183 and for Aw = 1.872,

PC02 =

pco = 1.872- 0.290= 1.582.

The quantity

p o = (1.6)(0.88)
%

Ay’ = 8.241, r’ =

‘H20
Is

= 1.408.

0.9086,

eqml to q times

ltwn thesevalues

W PI! = 10.360.

q = 1.6 d T = 4000°K,
0.290 and

pH2; therefore

of partfalpressures,

Ww estimationof g -a@ A are obtainedas previously
explainedand a secondtrialcalculationis tie if-thevalu& of
pt ~ rt =8 to be bro~t Oloserto the aes~d ~ues of 10 @
1, respectively.The resultsof two trialcalculationsmade by the
graphicalmethcdhavebeentabulatedin tableII.

,
nmicd oheokson mumtfons. - A checkon the acc~W of

the Ohsrtcalcnilatlonscan be nude by substitutingthe partialpes-
suresobtainedfrana trialculalationIn equations(32)and (34)
to determineAx EUXIAZ. The valuesobtainedfor this examplem

—-
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Ax= (2)(1.408)+ (2)(0.88)+1.42 +1.50 = 7.496

AZ = (2)(0.79)+0.241 +0.049 =1.870

Thesevaluesare tobe capared with Ax= (0.936)(8)= 7.488 and
AZ =1.872.

When the values Ax and AZ do - ohok e~ot~~ ~ov~nt
of the accumoy of the calculationsis possibleby use of equations
for the mass balance.

If, as will usuallybe the ease,the SUM of POH and p= is

lessthan $x and the sum of p and PN is lesst- *z,
No

the followi~ equationeoanbe usfito
snap

‘N2’ ‘H2’ H20

“-%0-%
*N; = 2

computebettervaluesfor

(13)

-=1.872 - 00241- 0.049
2

= 0.791

~- POE-PH

‘%’ = 2(T+ 1)

= 7.488- 1.42 - 1.50
(2)(1.6)+1

= 0.878

~7.488 - 1.42 - 1.50 - 0.878

2

= 1.406

(14)

(15)

-—.. —_..._ __ ..-. .—. —— -.. ——-——- ..—. -z ———— -- —-— -—-. —
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AX-poH-%q
Pqo’ = 2(Y + 1)

WA ~ NO. 1653

(16)

(17)

FlightProptisionResearchlaborat~,
NationalAdvisoryCaumitteefor.AeroMutios$

Cleveland$Ohio,A@l 1, 1946.

.
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A

AZ/Pl

a

b

Cw%%%

%%”””

n

%@, ~, ● ● .

P

r

T

T
P

v

numberof

KPPmmx A

formulaweightsof the equivalentfor-

dissociationfactor,melee/@m

Kg + Y%.

Y+l
term of quadratioequation

K8 + V% term of quadratioequation

equivalentformulafor oompoundsthat are to
react

equilibriumconstants

totalnumberof molesof produotsof reaotion

nmber of molesof water,hydrogen,. . . ,
respeotlvely

totalpressureof produotsof reaution

P-
P02 - PO

partialpressureof water,hydrogen,. . . ,
respectively

gae constant,1.987,&L/(mole)(%)

oxygenrat10,-
7

temperature,%

pseudotemperature,%

volumeof produotsof reaotion,oal/atm

totalnmiberof atomsof lithium,oarbon,hydrogen,
oxygen,and nitrogen,respectively,in initial
compounds.

—.— -...—- ._— — _.
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z v + x/2 + z/2

P water-hydrogenratio$%lJs

~imes are usedto indioatespeoifiovalnesof the variable
remlting fim trialoalculationso

—
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AI?PEUDIXB

DERIVATIONOF ~UA!lZOES

In this sectionIt is shownhow the equationsfor the oonaervation
of mass and the equilibriumequationsare oomblnedto fom the work-
@ equatio- reqtied for the computationof an equilibriumim-
position. The rangefor the quantity AZ/Pl and expressionsueed

for plottingapproximateand exacthydrocarbonwrves, similarto
thoseof figure2, axe shown.

Bw31cl@lationE

By definition

.

%+o
g.— (18)

%2

The folMwing dissociationreactionsand & mrrespo@ing equilibrium
equationswere conddered for the derivation.Theseequations
togetherwith the valuesof the equilibria constantswere taken
fromreferenoe3.

P02
K6=~

.

(19)

(20)

(21)

(22)

:.-
-—. . . ..— —— ..— —— —-—--—...+ .
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‘OH
K—
10=Y

6

The law of oonservatlonof nass yields

A(C&O#z>rI +~H+~+~2+
l$o+%”

+I&+rlo

Q=

Equations
equationa(26)
ohosenfor the

(23)

(24)

(25)

the folhwlng equatione:

%0+%+%02+%0

(26)
cl

%$O+%H+

AZ .

%?O +%02+%0+%2+=%
(28)

(29)2%2+%0+%

Aw=~o ‘%0
2

(30)

(18)to (25)are in termsof partialpressureswhereas
to (30)are in term of moles. When a volumeis so
reaetionthat

ml—=
v

ti the perfeot-gaslaw is assuned,that

IW=nR!l!

P RT=l-=—
n v

P=n

Is

(31)
.

—— —-—-
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simuErlJ’

‘%0=%0
thereforeequatione(27)to (30)may be written

‘=%”+ %+pOH+pH i ’32)

AW = PC02 + ‘co

(34)

(35)

Working~uations

The equations
formthe relations

ehownin the precedingseotionare ocmbinedto
UEedfor oaloulatingthe ~ial pessures. The

quantitiesp02 and.p. are obtainedmom equations(21)W (22).

(36)

(37)

% +%0

G
&o

2PH2 + — P .—s
S!+1 v+ 1

.

(38)

—...——- .-— — —— ———
— -—
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.

(39)

%=+(-a+F*)2 (40)

Equations(20), (23),ami (34)&e mmbined to formthe fOllOW-
@ q~tiO ~~tf~ for %2 b - of W, ~, ~, and A

~2+(K8+y%) ~-&=0 (41)

if

.2=&+/===)2 (43)

For givenvaluesof x, 2, ani temperature,- by estimating
valuesfor A @ E!,

% - %2 oan be ucmptied.

The remining partial.pressurescan thenbe oomputed. ~ua-
tio~ (18),(20),W (23)to (25)are rewritten:

%0‘% (44)

rPOH=%0 ~ ‘ (45)

rPH” K9 ~ (46)

%0=% @ (47)

%=K8~ . (48)

—-———
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By Callbiningequtions (19)and (35)

PC02 =+

T

Pco
=Aw-p

C02

or

*C02
=Aw-p

co

- of valuesof AZ/Pl

(49)

(50)

(49a)

(SW)

From equations(2)and (5)

‘1= ‘~0 + ‘~ +‘OH + ‘H + ‘1’12+ ‘NO + ‘H + ‘C02 + ‘CO ’51)

and from equations(4),(32), (34),EUXI(35)

~= Aw+Ax/2+ti/2

+“pOH+~+
= PC02 ‘Pco+%o+% y %+*W “2)

By tiViSiOTlOf ~UatiOIl(52)by (51)ani by simplification

‘OH+% +%O+%
=1- (53)

2P.
A.

nmximum value of AZ/P Oootlrswhere p
1 OH

‘ +pN=o
+ ‘H + ‘RO

the minimumvalueooourswhen poH + pH + ~. + ~ = PI; hence

-. —.. .. —--- ..—- ..—. — -— ——-—. — —-—.— ---
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.

A~P1 is a dieeoaiationfactor,the value of whiuh is less than 1

when moleoulescontainingone a- of hydrcgencm nitrogenare
present. This fhatoris used to estimate A.

A~* In_~tion F~s
I&dr~bon-Oxygen Reaotions

for

AwoxinELte ourves of !? and fJ/Pl as a funotionof r can

be oonstruoted for any hydrocarbon-cqygenreaotlonby the fol.lowlng
Iuethoa:

For a givenvalueof Y ad tempemture, rC d ~ are

read fba figures2(a)ami 2(b),respectively,and (~/P1)H is

read frcmfigure2(b)at ~. Valuesof rCH and (AZ/P1)CH for

the hydrocarbonme oomputedfromthe approximateeqmtlcms.

(54)

(55)

wuations (54)ti (55)=e exaotfor the limitlngeaseof low
temperatureand highpressurewhen pOH and pH are eq~ to zero;

equation (54) is exactfor the limitingease of high tempezzrhreand
low pressurewhen ~0 and ~ are equalto zero.

Exceptfor.speoialoases,auallerrorsexistin both equa-
tiom (54)JZ@ (55). The orderof magnittieo these errorsis

~Moated in the followingtablefor T = 4000 K, and P = 20.4atmos-
pheres.

——— .—— ——— —-
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1

1

1

4

1

1
1
4

‘3!

0.1
.3
.4
.1

0.1
.3
.4
.1

Exaot

value

2.3425
2.1103
.6499

3.2848

AppmximLte
value

2.3454
2.1.183
.6718

3.2893

(WP1)CH
0*91.584 0.91352
.91.396 .91152
.86366 .85657
.87814 .87770

(purcent)

0.12
.38

3.37
.14

0.25
.27
.82
● 05

Exe& Equationsfor PlottingHydrocarbonCurves.

The followingexactequationsJn9ybe uf3edto con9tructplotO
of AX/Pi and Q against r similarto thosein figure2(c)for

the carbon-bydrcgen-o~gensystem:

r(IH =
2w +x/2

()

2F+~ Xp
w—

‘4+Ki ‘( Y+l)(2@+a)

( )

&+50+y

.

where

@z=-s(HiJ//[@+J]2+(Y+l%u+x,
K9 + T%.

a=—
Y+l

(56)

(57)

(58) .

(39)

.—. . —--- ——--.—.—— ——-—- —. --—— —--- .
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Eq=tion (58)my be usedto simpli~ the calculationof
equilibriacwositions in the oarbon-hydrogen-o~gensystem.
When equation(58)is used,the totalpressureis alw~s exaut@
it is thereforeunnecessaryto estimate U/Tl; only T needbe
estimated.

.

.

*

— —— .—.— ———.
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APPmDIx c

CALCULATION OF l!Q~ COMPOSITIONWITH EIWEFE3 IN

ADDITIONTo CARBOn,HXIIROGEN,Omm, AND NITROGEN

The method presented for the solutionof the oarbon-hydrogen-
oxygen-nitrogen~stem oftenm be usedto aid in the solutionof
problemsinvolvingotherelementsby dlviUng the reactionintotwo
-e. For example,If lithium Li is addedto the oarbon-hydrogen-
o~gen-nitrogenmixture,the reactionoanbe

where v is

Let the

the numberof ataneof lithiwn.

firstpart of the reactionbe

c#&oy,ll?z- oduotsof C, H,

ard the secondpartwill be,

expressedby the equation

N, and O

=%~y,2+prcducts of Li and O

In orderto mke this divisionof
mentsmust be met:

1. The pressureof p02 and

partsof the reactionand mustbe
putationof the totalquantityof

the problem,the followingrequlre-

p. must be the same in both

consideredonly onoe in the com-
o~gen or the totalpressure.

2. The fQrlm3tionof
sideredan@, If present,
(forexample, LiH).

by
by

of
is

The prducts of the
means of figure1 and
someothermethod.

ampounds otherthan oxidesmust be con-
theymust be oarrectlyaccountedfor

,

firstpart of the reaction c-an he fo~
the productsof the seconipart are detemntned

If it may be assumedthatno reactionexceptthe formation
the oxideis present,the methodbecanesfa~ly easy. An example
Subsequexrtly

tion. For this
been assigned.:

preaent&ito illustratethe prooedurefor oaluula-
prupose,a dissociationreaotionhas arbitrarily

.—
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the dissociation oonstant has been assQned an tibitraryvalue
beoauaeno dataae available,therefore

=.=%$O%; =001 -
.— (59)

‘H2 %i20

by amuurption for a temperatureof 4400°K. All uapoumis and ele-
mentsare assmed to be gases. Theseassmnptionsprobablyme not
validfor the Iithimnreaotim and ma nd be uses for any p~ose
otherthn Uuetrat ion.

Let the desiredreaotlonhe:

[ l-[ H 1A (Qy,l) + (%y,2) ~o+ . . . +%i20 +”””

v= 2,x=4,

Because P = n

When equations(18),

let

Y=3, T=4400° K, P = 20.4atmospheres

~~0 + ~i = Av

(59),and (60)=e cmblned

$
2K AvK .0

- Li +Zg%l--

Ko=—
41!

anli

!I=-0+ 02++?+
‘Li

. .

(60)

(6Q

(62)

(63)

. . .
— —. .,. - —-—



NACA m No. 1653

.

..

For this reaction r wouldbe e~essed

.. “V+xr=—
Q

=1

and Z wouldbe

-27

(64)

where v/2 a~ears beoausetwo atomsof Li are requiredto form
the norml oxide Lf20. In the absenoeof a plot of Q d

X/Pl for lit~~, hydrogen,- o~wn, f-e 2(b)= be US*
mom which

y = 0.87ad AX/Pl = 0.715

ami frcanfigurel(a)

. P02= 0.96

p. = 3.05

pl = 20.4 - 0.96 - 3.05 = 16.39

A = (~/pl) p@ = 0.71516:39=3.91

~/(q+ ~) = Q&lQQ = 8*36
1.87

From figure1

.7

.

.,

.-. —— —.. — _ —— _ —— — . —. — —---- .--— --—
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%
= 2.25

%
~ = (2.25)(0.87)= 1.96

‘OH
= 2.72

% = 4“51

l?!romequation(62)

0=* =0“0287
1

%= WWP=O*””
.

.

@ from equation(63)

%1
= -0.0287 + M 0.0287)Z + 0.M9 = 0.642

RxOl equation (64)

(3.91)(2) - 0.642= 3059
‘Li20= 2

P1 =20~ +1.96 +2.72 +4051 +00~ +3*59 =3-5D67

P =P. + 0.96+3.05 =19.68
J.

AY = (2)(0.96)+ 3005+ 1096

i %%!%=~=A(v+x)=

Q&Q@ n 0.749
‘~1 = 1.5.67

+ 2.72+ 3.59 = 1.3.24

0.886

The compositionthus obtdn@ is correotf= a pressureof 19.68atmoa-
pheresami for an oxygenratioof 0.886. A oloserapproximtionto ‘

—
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the desiredvaluesof r = 1 and P = 20.4 atmospherescan be
obtainedby the methodof ad@tment of A and Y describedfor
the calculationof compositionfor the carbon-hydrogen-oxygen-
nitrogeneyatem.

1. !Zeise,H.: Therm@nami scheBerschnungvon Verbrennungstem-
yeraturenund Uns&en in Gasgemischenbei strengerBeficksichtigung
allerSpallungsm&lichkeiten.Feuerungetechnik,Jg. 26, Heft 5,

‘ 15,Mai 1938,S. 145.

2. Hershey,R. L., Eberlumlt,J. E., Hottel,H. C.: Thermodynamic
Propertiesof theWorkingFluid in Internal-CcmbustionEnginee.
SAE Trans.,vol. 39, no. 4, Oct. 1936,pp. 409-424.

3. Illrschfelder,J. O., McClure,F. T., C@iss, C. F., W Osborne,D..W.:
Thermodynamic2ropertiesof PropellantGases. NDRCRep.No. A-1.16,
NOV. 23, 1942. (Extensionand Revisionof NDRC Rep.No. A-48
(OSRDNo. 547).)(Abs.Bib. Sci.& Inl.Reps.,vol. 2, no. 10,
Sept.6,,1946,p. 74~PB 28531.)

-— ._ _ ._ ——- —. -.__.. ___ .-—_ .-
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Bmper-
ture
(m)

2W)0

2100
aam
23X
2400
2600

2WI
2700
2800
2900
3000

3100
32~
3300
3400
35wl

3600
3700
3600
3000
4mo

4100
4mo
4?00
4400
4500

4600
47W
48ua
4000
5W

4.78a

5.149
5.420
6.653
6.140
6.4d0

.2:2::

7.183
7.376
7.602

7.746
7.Q26
8.078
S.192
6.X)4

8.449
8.636
8.664
8.n2
S.752

8.819
8.m
0.8!W
8.9Z9
8.962

8.974
8.084
8.994
9.003
9.012

MBLE I - EWIL18RIUM 00N8TAMT6

patn Obkt.lml frun l’efererme 3. Y’ - +1~
—

5●736X10-6

1.631xlo-5
3.786x10-B
8.373x10-6
1.771.xlo4
3.6u?Xlo-4

6.644x10d
1.12axlo-3
2.047xlo-3
3.414xlo-3
5.479tio-3

8.626x10-3
1.284X1O-9
l*669xlo-~
2.768x10-Z
3.8g4x10-s

5.404xlo-~
7.355xlo-~
B.821x10-~
.13CXI
.1603

.’2162

.2760

.3463

.4302

.5291

.6461

.7799

.9344
lolls
1.31.7

3.138xlo-e

3.426x10-7
L.307xlo4

4.173S404
1.260x10-:

s .4s2xI0-E

8 .846x10-f
2.02&lo-4
4.639x104
9.623xlo”4
1.983xlo~

3 ,803xlo-:
7.O56X1O-:
1.248x10-’
2.167x10-~
3 ● 6J33X1O-%

6 .82KL0-:
9 .166x10-:
.1412
.2W
.3157

.4626

.6519
● 9X59

1.263
1.718

2.X37
3.068
4.01.6
5.22a
6.693

2.086xlo4

8.847 xlo-7
3,345xI0-6
1.O93X1O-5
3 .X17xlo-5
9.12 blo-5

2.337XIO”4
5.S46x104
1.243xlo-3
2.646x10G
5.33-6xlo-3

1.02’MO-Q
l.!mhlo-~
3.3139xlo-~
6.867xlo-~
9.778 fi0-2

.1591

.2616

.3876

.6678

.e7u

1.258
1.60s
2.53’7
3.S08
4.770

6.431
8.646
.l.al
.4.50
.8.77

?.saaxlo- moaxlo-~
3●54-4xlo~ 6.6awlo-3
L.562x10-5 9.662x10-S
3.46Qxlo-6 1.58ti10-2
7.23hlo-5 2 .514xlo-~

L.42h10_4 3 .636xlo-~
2.672x104 6.674x10-z
4.796x10-4 8.173x10-f
3.267x10-4 .1148
1.373xlo-3 ●1579

B.$21OX1O-3
3.46aXlo-3
5.%53Xlo-3
7.798Xlo-3
1.132xlo-~

.21.26

.2613

.3664

.4682

.5910

1.6M0-2 .7367
f!.248x10-2 .9084
S.086XL0-2 1.107
4.166x10-2 1.336
S.WIX10-2 1.50’7

7.25 QX10-2 1.893
9.423x10-2 2.226
.1206 2.698
.1626 3.01.2
.1916 3.470

.2379 3.969

.2927 4.5m

.86’70 6.110

=-J.=--

1.w6xlo-4

3.682x10d
B.omzlo~
1.561x10<
E.939xlo+
s.moxlo~

8.954 x10-~
1.461x10-z
2.308x10-~
3.660x10-s
5.2wxlo-$

7 .677xlo-;
.1OEW
.16M
.2060
.!2763

.3614

.4691
,6924
.7S89
●9495

1.164
1.42a
1.730
2.089
2,478

2.923
3.432
3.e9a
4.637
5.s17

.



NACA TN No. 1653

.

31

.

.

TABLEII - RESULTSOF SAMPIE CALLXIL4TION OF ~ REACTION
C2H4(~)2 + 4~-PRODUCTS

k
w =2, x=8, y=8, z= 2,x= 7,r=l.00, T=40000K, P= 10,
= 8.752,K3 = 0.1693,~ = 0.3157,~ = 0.8711,K8 = 0.0554,

; = 1.507,RIO = 0.94953

Aritimetlcal (3raphlcal
Quantity

Source First Seoond Source First Sacond
trial trial trial trfal

Figure2(c) 1.6 1.4 Figure2(c) 1.6
A~yPl

1.4
Figure2(c) .84 .81 Figure2(c) .84 .81

’02
Equation(36) .80&2 ● 6188Figurel(a) .81 .62

PO Equation(37) 1.3938 1.2195Figurel(a) 1.39 1.22

P1 Equation(5) 7.7980 8.1617Equation(5) 7.80 8.16
A Equatl~ (7) .9358 .9444Equa~l.~(7) .936 ● 944
Ax/(‘#+1) 2.8793 3.1480 2.88 3.146

EquatIon (39) 1.1985 1.2193————— .— .—— —

;2 Equation(40) .8782 .9728Figure l(b) .88 .97

‘OH
Equation(45) 1.4236 1.3111Figurel(c) 1.42 1.31

% Equation(46) 1.4965 1.5751Figurel(c) 1.50 1.57

%20 Equation(44) 1.4051 1:3619Equatlon (44) 1.408 1.358

AZ (a) 1.8716 1● 8888 (a) 1.872 1.888
b Equation(42) .3263 .2925————-— —— -— ---

%2 Equation(43) ● 7907 .8127Figurel(d) .79 .81

%0 Equation(47) .2409 .2137Figurel(e) .241 .214

% Equation(48) .0493 .0500Figurel(e) ● 049 ● 05

Aw (a) 1.8716 1.8888 (a) 1.872 1.888

Pc02 Equation (49) .2893 .2605 Figure l(f) .290 .260

Pco Equation (50) 1.5e23 1.6254 Equation (50) 1.582 1.628
p! Equation (2) 10.3579 10.0244 Equation (2) 10.360 10.01
Ay1 Equation(3) 8.2407 7.4931Equation(3) 8.241 7.49
rl Equation (8) .9085 1.0083 Equation (8) .9086 1.008
pl Equation (9) 8.1559 -—— Equation (9) 8.160 ----—

A&P; A~P; .8032 --- A~p; .803 -——

aNumericalcalculation. T

#. .

—.— ..— —— -—
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.

.,

1 .01 .1 1 10 100 1000
Water-hydrogenratio,”!?

(a) Psrtialpressuresof o~gen p% and atomicoxygen PO.

Figure1. - Partial-pressurecomputationcharts. p = pH&H# (A17- by

20-inchprint of thisfigureis attached.)

.

. . .——
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I 1 I 1 I

JJ@“a q (4)
00

\ 5000
\

k-
4’ *

\ 4600
. \

4200
* \ 1 40 00

\ I
- 3800

- 3600
.

l– 3400
I

I - 3200
. I

-
- 3000

1- 2800
* I

I
>

-
~1

I_

ii
\

2400
I

1
1-

\ ~

I

~- =s=

I
2000

10

1.0

●10

.01

d

.001

.0001

.001 .01 .1 1 10 100 1000
Water-hydrogenratio,!4,andpartialpressureof hydrogen,p

%’
atmospheres

(b) Partialpressureof hydrogen%2. Nunberof atomsof

hydrogenAx.

Figure1. - Continued.Partial-pressurecomputationcharts.
~ = pN#H2”

(A17-by20-inchprintof thisflguretisattached.)

—. .——— .— ..—.——— . ——- __ _—-__— _ __ __ __
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Partial pressure of atomic hydrogen,~~ a~ospheres

1 ?00 ~

10
g

1

Q
o

●

a
.-l

.001
.001 .01 .1 J. .LU .LUu .l.Uuu

Water-hy”drogenratto, Y

(U) Pertislpressures of hydroxyl radlml POH end atomic
hydrogen ~.

Figure1. - Continued. Partial-pressure computation charts.

~ = %lf$i%~ “

(A 17- by 20-inchprint of this figure is attachedo)

.

.
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(k
5000

4600

4400

4200

4000

3800

3600

. 3400

3200

3000

2800

2600

U
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‘\\

‘L

u II i -W!XJ’MI I

I
, 11 / , ,

I / ‘ / I
I *

I I
I / ‘

-. +-

1

10

100

.-

.0

.001

.0001

.001 .01 .1 1 10 100 1000
Water-hydrogen ratio, ~, end partial pressure of IIitrOgeIk, %2,

atmospheres

(d) Partial pressure of nitrogen %2. Number of atoms of

nitrogen Az.

Figure 1. - Continued. Partial-pressure computation charts. ~ - pH2dPH2”
(A 17- by 20-inah prtit of this figure is attached.)

c
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Partial pressure atomic nitrogen, ~, atmospheres

Water-hydrogen ratio, !?

(e) partia pressures Of nitric ofide ho ~d at~iu ‘itiogen

%

Figure 1. - Continued. Partial-pressure amputation aharta. ~ - %~d~”

(A 17- by 20-lnoh print of this figure 1s attached.)

.

. ——— — —.



NACA TN No. 1653 37

16:

10

1

.1

.03

●001
.Oc

Partialpressure of carbon dloxlde,PC%, and carbonmonoxide,

PCOS atmosphere

1. .01 .1 1 10 100 1(

7
— Pco
---PC()

1 \ 1 \\\ \\

V$02
/ 4

>/
/

8’

/’
.

/’
/

/
/

/ /
/

/’” /“ -

/ /
/ /

/ /
/ /0

/
,/ /’

1

00

)01 .001 .01 .1 1
Water-hydrogen ratio, Y

10 100

(f) Partialpressures of’carbon dioxide PC% and carbon

monoxide PCO. Ihmber of atoms of carbon ,Aw.

F@u?e 1. - Concluded. Partial-pressure computation oharts. y “ %@EIs “
(A 17- by2(l-inoh print of this figure Is attached.) - -

.
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Temperature
(%)

1.0 2000 ti 5000

.9

.8

.7

.6
5-.

165~ - 3000 2000
‘- !

50 \,
\ ‘

20 - ~
35cii-- “\ t\

10 _ < ‘
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1 _
r 5000

. b
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\\\ I
.2

\
.1 _

\

.05

!

●02

.01 I I I I 1 I I I 1 II
.2 .3 .406.81 23”4 6 810 20

O~gen ratio, r
(a) Carbon and oxygen.

Figure 2. - Variation of water-hydrogen ratio ~ and dissociation
factor AE/P1 wtth,oxygen ratio r at a pressure of 20.4

atmospheres. ~ = PH@H2” (~”11- by 17-inch print of this

figure is attached.)
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Temperature
(%)

EM

m_
\ ,Woo

2000

50

‘\\l
20

-
\ 3500

10 _ \
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\
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\
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\
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\
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●

\
.05

●

\
.02 \

.01 I I I II I I I I II
.2 ●3 .4 .6 .8 1 2 34 6 810 20

Oxygen ratio, r
(b) Hydrogen and oxygen.

Figure 2. - Continued. Variationof water-hydrogenratio !? and
dissociationfactor AE/P1 with oxygen ratio r at a pressure
of 20.4 atmospheres. F - pH@@H2 “ (An Xl- by 17-inchprint
of’this figure is attached.)
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50

20

10

5

2

1

.5

.2

●1

.05

.02

.01

.

\

\

I 1 I II I
.2 .3 .4 .6 ●8 1 2 346 8 10 20

Oxygen ratio, r
(c) Hydrocarbon and oxygen with a hydrogen-to-carbon

atom ratio of.3.

Figure 2. - Continued. Variation of water-hydrogen ratio Y and
dissociation factor AE/Pl with oxygen ratio r at a pressure

of 20.4 atmospheres. ~ =%&H2* (An 11- by 17-inch print

of this figure is attached.)
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(d) Carbon-, hydrogen-, and hydrocarbon-oxygen at
temperature of 3500° K.

Figure 2. - Concluded. Variation of water-hydrogen ratio Y and
dissociation factor AE/P1 with oxygen ratio r at a pressure

of 20.4 atmospheres. ~ = ?H@H2 “
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mrtlal pressure of nitrogen, PH2, atmospheres

9en PH2. Number of atoms of nit rogen AZ.

l-pressure computation charts. Y = ‘H20/pH2.
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